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Abstract 
 
     Oenological traits, such as temperature profile and production of certain 
metabolites, were tested for four interspecifc hybrids obtained by “spore to 
spore” crossing between Saccharomyces cerevisiae and Saccharomyces uvarum 
strains and uniformity of their inheritance was found. PCR/RFLP analysis of ITS 
regions was carried out to confirm the hybrid nature of the strains. They showed 
an additive profile with five bands of the respective 325, 230, 170 and 125 bp. 
Finally gene expression study was performed by comparative DNA macroarray 
analysis of the hybrids and the preliminary results showed that the global gene 
expression patterns of hybrids are remarkably similar to one another. 
In conclusion, the data obtained by two different approaches, such as metabolic 
and transcriptomic strategies, suggest a large degree of homogeneity among 
interspecific hybrids between S. cerevisiae and S. uvarum. Moreover, the 
uniformity of F1 hybrids advises that the oenological trait inheritance mechanism 
is highly constant and reproducible. 
 
Keywords: interspecific hybrid, Saccharomyces cerevisiae, Saccharomyces 
uvarum, homogeneity.
 
 
Introduction 
Saccharomyces cerevisiae wine strains have traditionally been developed by sampling 
and selecting wild yeasts from spontaneous fermenting musts or wines. In addition to 
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basic traits, such as fermentative vigour with high ethanol yield and without the 
development of off-flavours, yeast strains were selected on the basis of the other 
properties more specific to the type and style of wine to be made. A complete 
depiction of the ooenological traits employed in selection of wine yeasts is reported 
by Giudici and Zambonelli [1].  
Rarely wilde strains show the complete traits profile desired for winemaking. For 
this reason, in the last few years there has been an ever-growing demand for new and 
improved wine yeast strains and an ever-growing application of genetic techniques to 
improve the winemaking properties. 
Optimized strains can be obtained by selection of natural or induced mutants [2,3] 
sexual recombination methods or the technique of recombinant DNA. The sexual 
recombination methods are the best approach when the desired traits depend on a 
multitude of loci (Quantitative Traits Loci, or QTL). However QTLs are poorly 
understood and/or completely unknown and broadly distributed throughout the 
genome [4,5] and, for this reason, DNA recombinant techniques and random 
mutagenesis approach are often ineffective, whereas a “blind” strategy, such as the 
sexual recombination, allows to obtain quickly improved and recombiant strains [6]. 
As the wine strains are generally homothallic yeasts, the sexual recombination can 
be obtained by “spore to spore” crossing [7]. With this method, interspecific hybrids 
between cryotolerant Saccharomyces uvarum and non-cryotolerant Saccharomyces 
cerevisiae have been obtained in different laboratories [8-13]. They are extremely 
interesting in ooenological terms both for their fermentation competitiveness and for 
their secondary metabolism products. The interspecific hybrids show an additive 
combination of traits of the parents with a high degree of phenotypic homogeneity, in 
spite of variability at strain level [11]. Usually the growth optimal temperature profile 
is intermediate between those of the parental species and it is included in the wider 
range, between 27°C and 33°C. Their ability to quickly and efficiently ferment grape 
musts is higher than that of both the parents. Moreover they grow well both at low 
(6°C) and high temperature (37°C). The production of secondary fermentation 
compounds is always an average of that of the parent production [8,10,11]. 
In this work we tested the homogeneous metabolic behaviour of four interspecific 
hybrids between S. cerevisiae and S. uvarum for some important ooenological 
properties, such as temperature profile, fermentative vigour, ethanol and secondary 
compounds production. The continuous quantitative variation of these traits can be 
explained by their polygenic nature [5] in that each locus encodes only for small 
fraction of phenotypic variation. As each ooenological trait is determined by a 
multitude of genes, we evaluated the possibility that the metabolic uniformity of 
hybrids correlates with transcriptomic homogeneity. 
 
 
Materials And Methods 
Yeast strains and media 
The yeast strains used in the present work are listed in Table 1. All of strains were 
maintained in YPD medium (1% yeast extract, 1% peptone, 2% D-glucose, 2% agar) 
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at 28°C. Sporulation was inducted by incubation of cells at 28°C for four-six days on 
acetate agar medium (0.5% CH3COONa ´+2O, 2% agar; final pH 6.5 ). 
 
Strain hybridisation 
The hybrid LS3 was performed by spore crossing, using gametes directly obtained by 
wild type strains with the “spore to spore” method of Winge [7,14]. The ascus wall 
were destroyed with Zymoliase 20T 20 mg/ml (Seikagaku Corporation, Japan). 
 
Metabolic analysis of the hybrids 
Temperature profile was determined as described by Zambonelli et al. [8] and 
Rainieri et al. [11]. The cell growth was expressed as measure of absorbance at 600 
nm after 18 hours from inoculation in YPD medium. 
 
 
Table 1. Yeast parental strains and interspecific hybrids used in the present work. 
 
Strains Species Collection or works 
7877 S. uvuram  DIPROVAL collection; [11] 
3002 S. cerevisiae [24] 
LS3 (7877 x 3002) Hybrid This work 
11204.1A S. uvarum DIPROVAL collection 
7070.1A S. cerevisiae DIPROVAL collection 
11204.1A x 
7070.1A 
Hybrid DIPROVAL collection; [11] 
12233  S. uvarum DIPROVAL collection 
6213.1A S. cerevisiae DIPROVAL collection 
12233 x 6213.1A Hybrid DIPROVAL collection; [11] 
11204 S. uvarum DIPROVAL collection 
11502.1A S. cerevisiae DIPROVAL collection 
11204 x 11502.1A Hybrid DIPROVAL collection; [8] 
1Dipartimento di Protezione e Valorizzazione Agroalimentare (University of Bologna, 
Reggio Emilia, Italy) 
 
Grape juices were sterilized and used for fermentation tests, as described 
previously [8]. Fermentation progress was followed as weight loss determined by CO2 
release. The fermentation products were filtered and analysed for pH, total acidity, 
and ethanol by conventional procedures. The secondary compounds, such as glycerol, 
succinic acid, acetic acid, malic acid and 2-phenylethanol, were tested as reported by 
Zambonelli et al. [8]. For each strain, three indipendent replicas were performed. The 
obtained data were reported as mean values for the hybrids group, the S. cerevisiae 
parental strains group and the S. uvarum parental strains group. Differences among 
the groups were tested by one-way analysis of variance (Duncan’s test), using the 
Statistical Analysis System Software (SAS Institute Inc. Cary NC). 
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PCR/RFLP analysis of its regions 
The genomic DNA extraction was performed as described by Querol et al. [15]. The 
PCR reaction of ITS regions was conducted as described by Pulvirenti et al. [16]. The 
amplification program include 94°C for 3 min, 30 cycles at 94°C for 30 s, 55°C for 30 
s, 72°C for 1 min and 72°C for 5 min; the digestion reaction was carried out using 5-
ORIWKHDPSOLILHG’1$WRDILQDOYROXPHRIOZLWKHaeIII restriction enzyme 
(New England, Biolabs, Beverly, MA, USA). Finally the restricted fragments were 
separated for 2 h in 2% Nusieve 3: 1 agarose gel (FMC BioProduct, Rockland, ME, 
USA) using 0.5x Tris-borate-EDTA (TBE) buffer. The gels were stained with 
ethidium bromide, destained in sterile water and photographed using an UV-
transilluminator. 
 
Total RNA extraction 
RNA was obtained from three independent cultures of each of the following strains: S. 
cerevisiae 3002 strain, S. uvarum 7877 strain and the hybrids LS3, 11204.1A x 
7070.1A, 12233 x 6213.1A and 11204 x 11502.1A. After growing in 50 ml of YPD 
medium with orbital agitation to middle logarithmic phase (OD600 0.5-0.6), cells were 
harvested by centrifugation and frozen at -80°C. The RNA extraction was performed 
as described in Ivorra et al. [17].  
 
Labelling and Hybridisation 
Both the labelling of total RNA by reverse transcription and the macrochips 
hybridisation with labelled cDNA were performed according to Alberola et al. [18]. 
 
Signal acquisition and statistical analysis 
Digital images of radioactive signals were acquired with FujiFilm FLA3000 
Phosphorimager and quantified using the ArrayVision software (Imaging Research 
Inc.) and taking the sARM density (intensity of each spot with the corresponding 
subtracted background) as signal. The normalization process and the measure of the 
significance level for each ORF were performed using ArrayStat software (Imaging 
Research Inc.). Hybridisations were subjected to double normalization, within each 
experiment replicate and between two conditions (hybrid vs. hybrid). Reproducibility 
of the replicates was tested considering the data as independent and allowing the 
program to take a minimum number of valid replicates of 2, in order to calculate the 
mean values for every gene. We applied the Z-test to normalize the data between 
conditions and the correlation coefficient was calculated by iterative median and 
corrected by the False Discovery Rate statistical test to estimate the statistical errors 
associated to each gene. 
 
 
Results 
Metabolic characterization  
All of the parental strains belonging to S. cerevisiae and S. uvarum reported in    
Table 1 were previously tested for fermentation ability to produce the following 
compounds: acetic acid, malic acid, succinic acid, glycerol, ethanol and                     
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2-phenylethanol. In Table 2 we reported the mean values of S. cerevisiae and S. 
uvarum parental strains. The cryotolerant strains belonging to S. uvarum always 
presented a higher capacity to synthesize malic acid, glycerol, succinic acid than the 
S. cerevisiae strains, while their acetic acid production and ethanol yields were lower. 
 
Table 2. Wine properties and secondary compounds production for the four hybrids 
and their parental strains in grape juice (expressed as average values)  
a
 As tartaric acid; 
b
 The values followed different letters are statistically different (Duncan’s test, P < 
0.01). 
 
The hybrids LS3, 11204.1A x 7070.1A, 12233 x 6213.1A and 11204 x 11502.1A 
showed an optimal growth temperature (Topt) range included between the Topts of 
both parental strains, that is from 27°C to 30°C. Sugar fermentation process was 
conducted very well both at 6C° and 36°C, always with higher performance and 
vigour than the parental strains. The data are in agreement with Rainieri et al. [11]. 
Finally the secondary metabolic profile of the hybrids was monitored as 
production of acetic acid, malic acid, succinic acid, glycerol and 2-phenylethanol. As 
expected, the amount of metabolites produced by four interspecific hybrids was an 
average of those produced by the parental strains (Table 2). The results are in 
agreement with the previous data [8,10,11]. 
 
PCR/RFLP analysis of its regions 
When two yeast spores were subjected to crossing, the result was a zygote that 
showed a nucleus as a sum of the genetic material of two haploid parental strains. 
According to Pulvirenti et al. [19,20], ITS regions PCR/RFLP analysis can 
differentiate two very strongly correlated species such as S. cerevisiae and S. uvarum, 
when the amplified fragment of 830 bp was digested by HaeIII restriction enzyme. 
The parental strains belonging to S. uvarum and their monosporic cultures showed 
three bands respectively of 495, 230, 125 bp, whereas for the S. cerevisiae parental 
strains or their monosporic clones the restriction pattern shows four bands of 325, 
230, 170 and 125 bp. The additive restriction profile with 5 bands of LS3, 11204.1A x 
7070.1A, 12233 x 6213.1A and 11204 x 11502.1A confirmed the hybrid nature of all 
of strains (Figure 1). 
 
Preliminary trascriptome analysis  
The transcriptomic profiles were obtained by cDNA hybridization of the two 
parental strains and four hybrids described before. On the basis of these 
hybridizations, a preliminary analysis was performed to examine the possible use of 
 pH Total 
aciditya 
EtOH Glycerol Succinic 
Acid 
Acetic 
Acid 
Malic 
Acid 
2-phenyl-
ethanol 
S. 
cerevisiae 
3.35  7.62 Bb 10.07 A 7.22 C 0.45 C 0.27 A 1.48 C 0.04 C 
S. uvarum 3.25  8.22 A 10.84 B 10.89 A 1.04 A 0,08 B 2.67 A 0.18 A 
Hybrids 3.3  7.62 C 10.48 AB 9.25 B 0.77 B 0,15 AB 1.92 B 0.11 B 
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yeast array, generated with the reference strain S. cerevisiae S288c [21] DNA 
sequence, to detect genes of other microrganisms, such as interspecific hybrids 
between S. cerevisiae and S. uvarum. Using DNA macroarrays for S. cerevisiae genes 
[18], 70.3% of the 3002 S. cerevisiae strain genes were over the threshold value, 
whereas the hybridization pattern of the S. uvarum strain was significantly 
differenent, with only 48% (2970) of its genes over the threshold, reflecting both 
genomic and transcriptional differences from S. cerevisiae strain (Table 3). Of last 
these, 2919 ORFs are shared by both the parental species, whereas 51 ORFs are 
detected only in S. uvarum parental species. This can be due to an increased 
expression of these genes that are, only in S. uvarum, above the imposed threshold. In 
contrast, logically, the number of the ORFs detected only by S. cerevisiae parental 
species is greater (1406). The hybrid LS3, achieved by crossing between those two 
strains, showed the same percentage of expressed ORFs of the parental strain 3002. A 
similar percentage of expressed ORFs was found for the remaining hybrids (Table 3). 
This demonstrates a high degree of homogeneity within the hybrids and also means 
that there is high homogeneity between the S. cerevisiae parental strains. 
 
A     1       2       3       4      5      6     A 
 
Figure 1. PCR/RFLP analysis with HaeIII restriction enzyme of ITS regions. From 
left to right. A: marker 100 kb ladder; 1: 3002 S. cerevisiae parental strain; 2: LS3 
hybrid strain; 3: 11204.1Ax7070.1A hybrid strain; 4: 12233x6213.1A hybrid strain; 5: 
11204x11502.1A hybrid strain; 6: 7877 S. uvarum parental strain. 
 
According to the previous results, the ORFs present on the macroarray were classified 
as follows: i) “common ORFs”: ORFs detected in both parental strains and in the 
hybrids; ii) “S. cerevisiae ORFs”: ORFs detected in both S. cerevisiae 3002 strain and 
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in the hybrids; iii)“S. uvarum ORFs”: ORFs detected in both S. uvarum 7877 strain 
and in the hybrids; iv) “specific ORFs”: ORFs detected only in any of the interspecific 
hybrids, but not in parental strains. A high similarity was found between the hybrids 
for the number and the identity of the ORFs. As reported in Table 3, “common ORFs” 
were more than half of the detected ORFs with a number very similar for all of the 
interspecific hybrids. A very low number of detected ORFs were shared with S. 
uvarum, within values from 20 to 36 ORFs, whereas the number of detected ORFs 
shared with S. cerevisiae is higher, from 1024 to 1160. For all of the hybrids a similar 
low number of “specific ORFs” was detected. Comparing the hybrids for each single 
ORFs group, the homogeneity of results is confirmed because in all of the hybrids the 
detected ORFs are approximately the same for each category. 
 
Table 3. Detected ORFs distribution in interspecific hybrids. 
 
a
 Hybrids detected ORFs shared with both parental species; 
b
 Hybrids detected ORFs shared with S. cerevisiae parental species; 
c
 Hybrids detected ORFs shared with S. uvarum parental species; 
d
 ORFs detected only in hybrids.  
1Percentage of spots present on macrochip and detected. 
2The number of detected ORFs in parental strains, 3002 and 7877, is given as a 
reference. 
 
This preliminary analysis was performed to verify the possible use of yeast array, 
generated with S288c DNA sequence, for the study of interspecific hybrids between 
S. cerevisiae and S. uvarum. All of the interspecific hybrids had a number of detected 
ORFs very similar to the S. cerevisiae parental species and the distribution profiles 
were very homogeneous among the hybrids.  
 
Hybrids vs Hybrids Comparison 
Successfully, we performed a comparison analysis between transcript levels of 
different hybrids, after normalization of the signal data was achieved by three 
repeated hybridisations as reported in the Materials and Methods. When each hybrid 
was compared in turn with the other hybrid, the global gene expression patterns of 
hybrids grown to OD = 0.5 in YPD were remarkably similar to one another, because 
the large majority of ORFs did not  show relative expression changes (Table 4). In all 
of comparisons among interspecific hybrids only a very low amount of genes on the 
Hybrid and parental 
strains 
Detected 
ORFs 
common 
ORFsa 
S. cerevisiae
 
ORFsb 
S. uvarum
 – 
ORFsc 
Specific 
ORFsd 
LS3 4135 (67.3%1) 2855 1014 20 246 
11204.1A x 7070.1A 4375 (71.2%) 2882 1160 24 309 
11204 x 11502.1A 4124 (67.1%) 2838 1003 22 261 
12233 x 6213.1A 4399 (71.6%) 2888 1115 36 360 
30022 4325 (70.3%) 2919 1406 - - 
7877 2970 (48.3%) 2919 - 51 - 
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array showed statistically different changes of at least 2.5-fold in transcript 
abundance, which is the highest number of differentially expressed ORFs 357. 
 
Table 4. Differential expression profile analysis in hybrids. 
 
a
 Considered as statistically differently expressed by ArrayStat analysis as described 
in Material and Methods. 
 
 
Discussion 
All of analysed hybrids showed a very similar metabolic behaviour for the considered 
properties: the additive temperature profile; a more fermentative competitiveness than 
parental strains fermentation performance; an intermediate secondary metabolite 
production compared to parents. This uniformity of results was in agreement with 
which reported by several authors [8,10,11]. These analysed traits are continuously 
distributed phenotypes, determined by the cumulative action of multiple loci, defined 
QTLs. For example, it is speculated that the genetic of the ethanol tolerance basic trait 
involves more than 250 genes [3]. Moreover, each QTL is a polymorphic gene, which 
contains alleles that differentially affect the quantitative trait expression. As each 
quantitative ooenological property involves a large number of polymorphic genes, the 
hybrids metabolic similarity for many quantitative ooenological traits, underlined in 
this work, suggests an analogous expressed genetic background. This hypothesis was 
investigated by transcriptomic approach for 4 hybrids and two parental species. 
DNA macroarrays were used to compare genome-wide patterns of gene 
expression among hybrids. The application of yeast arrays generated with laboratory 
strain S288c DNA sequence for the analysis of industrial strains has been previously 
demonstrated in the literature [22,23]. In this work, we have evaluated the possibility 
of their use in the transcriptomic study of interspecific hybrids between S. cerevisiae 
and S. uvarum, on the basis that S. uvarum is the species phylogenetically closest to S. 
cerevisiae with 85% sequence homology [24]. Our conclusion is that S. cerevisiae 
membrane arrays are suitable to compare close species such as S. uvarum and their 
interspecific hybrids. A detailed analysis of the transcriptomes will be presented 
elsewhere (Solieri et al. in preparation), but here we show that the number of 
detectable spots in the macroarray and the general transcriptome pattern are useful 
Hybrid strains comparison 
Commonlya 
expressed ORFs Differentially
a
 expressed 
ORFs 
LS3 vs. 11204 x 11502.1A 5789 260 
LS3 vs. 12233 x 6213.1A 5692 357  
LS3 vs. 11204.1A x 7070.1A 6048 1 
11204.1A x 7070.1A vs. 11204 x 11502.1A 5868 181 
11204.1A x 7070.1A vs.12233 x 6213.1A 5793 256 
11204 x 11502.1A vs. 12233 x 6213.1A 5778 271 
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tools for the study of the physiological similarity of the hybrids. S. uvarum shows a 
high percentage of genes detected by the macroarrays. The macrochip pattern 
obtained for this species and for the hybrids does not reflect, however, the real 
transcriptome. It is necessary to consider that, for a S. uvarum gene detection, both the 
homology to the S. cerevisiae probe of the macroarray and the expression level have 
independent and additive contributions. Nevertheless, as both the expression level and 
the precise sequence of the alleles present are characteristic of every hybrid, the 
results obtained reflect the distinctive physiology of each one. The interspecific 
hybrids showed a number of detected ORFs to be very homogeneous when compared 
to both the S. cerevisiae parental species and to each other. Moreover, a strong 
similarity in global transcriptional patterns was found, although the interspecific 
hybrids compared were achieved by crossing between different strains. 
On the basis of data obtained by different approaches, such as metabolic and 
transcriptomic analysis, it became clear that the interspecific hybrids between S. 
cerevisiae and S. uvarum are a group of very homogeneous strains. On the metabolic 
hand, a high homogeneity degree was found for all of the considered oenological 
traits. The molecular basis of these oenological traits inheritance in interspecific 
hybrids is not completely clear because of complex polygenic regulation. 
Nevertheless the result of their inheritance mechanism is highly constant and 
reproducible in interspecific hybrids and that affect trascriptional similarity. The 
uniformity of F1 hybrids, obtained by crossing between S. cerevisiae and S. uvarum 
species, suggests to perfom a genetic improvement plan of wine yeasts on the basis of 
knowledge of the oenological traits of the parental strains. 
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